Objective-A large-scale, prospective, randomized clinical trial has recently revealed that the addition of highly purified eicosapentaenoic acid (EPA) to low-dose statin therapy significantly reduces the incidence of major coronary events. Here we investigated in vivo and in vitro effect of EPA on monocyte adhesion to endothelial cells and adhesion molecules. Methods and Results-A new en face immunohistochemistry of endothelial surface in combination with confocal microscopy revealed marked reduction of lipopolysaccharide (LPS)-induced monocyte adhesion to the aortic endothelium in parallel with the suppression of vascular cell adhesion molecule 1 (VCAM-1) and nuclear translocation of nuclear factor-B p65 in EPA-treated mice relative to vehicle-treated groups. In an in vitro adhesion assay system under physiological flow conditions, EPA inhibited LPS-induced monocyte adhesion and endothelial adhesion molecules. We found significant decrease in plasma concentrations of soluble intercellular adhesion molecule 1 (sICAM-1) and sVCAM-1 in patients with the metabolic syndrome after a 3-month administration of highly purified EPA (1.8 g daily). Multivariate regression analysis revealed that EPA administration is the only independent determinant of sICAM-1 and sVCAM-1. Conclusions-This study provides evidence that EPA inhibits monocyte adhesion to endothelial cells in parallel with the suppression of endothelial adhesion molecules in vivo and in vitro.
O besity may be viewed as a state of chronic low-grade inflammation and confers a higher risk of atherosclerotic diseases. 1 There is considerable evidence that obese adipose tissue is markedly infiltrated by macrophages, 2, 3 suggesting that they may participate in the inflammatory pathways that are activated in obese adipose tissue. Using an in vitro coculture system composed of adipocytes and macrophages, we have demonstrated that saturated fatty acids released from adipocytes via the macrophage-induced lipolysis serve as a naturally occurring ligand for Toll-like receptor 4 (TLR4) to induce the inflammatory changes in macrophages through nuclear factor-B (NF-B) activation. 4, 5 Notably, n-3 polyunsaturated fatty acids (n-3 PUFAs) such as eicosapentaenoic acid (EPA) and docosahexaenoic acid are unable to activate macrophages and can even antagonize the proinflammatory effect of saturated fatty acids or LPS, 6 a well-defined exogenous ligand for TLR4, 7 thereby highlighting the antiinflammatory effect of n-3 PUFAs.
Atherosclerosis is a complex pathological process that is associated with vascular wall dysfunction and inflammation. 8 The monocyte-endothelial cell interaction may play a crucial role in atherosclerotic plaque formation. 9 Indeed, the adhesion of circulating monocytes to the intimal endothelial cell monolayer is thought to be one of the earliest events, which is mediated through complex interactions among multiple adhesion molecules and their counterreceptors expressed by both endothelial cells and monocytes, such as selectins, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and ␤1-and ␤2-integrins. 10 Several previous reports indicated that the TLR4/NF-B signaling pathway in both endothelial cells and monocytes/ macrophages is involved in the development of vascular dysfunction and atherosclerosis [11] [12] [13] and expression of adhesion molecules is regulated through NF-B activation. 14 Therefore, modulation of monocyte adhesion to the vascular endothelium may represent an attractive therapeutic target for atherosclerosis.
In epidemiological and clinical trials, fish oil rich in n-3 PUFAs or n-3 PUFAs have reduced the incidence of coronary heart disease. 15 A large-scale, prospective, randomized clinical trial, or the Japan EPA Lipid Intervention Study (JELIS), has demonstrated that the addition of highly purified EPA, the only class of n-3 PUFAs used clinically to treat hyperlipidemia, to low-dose statin therapy significantly reduces the incidence of major coronary events, 16 suggesting the pleiotropic effect of EPA in addition to its well-known lipid lowering effect. 17 It is, therefore, tempting to speculate the beneficial effect of n-3 PUFAs on monocyte-endothelial cell interactions during the course of atherosclerosis. Indeed, a couple of reports showed that n-3 PUFAs inhibit monocyteendothelial cell interactions in vitro 18 ; however, there is no direct evidence for the inhibitory effect of EPA on monocyteendothelial cell adhesion and endothelial adhesion molecules in vivo. Moreover, there has been no report showing the inhibitory effect of EPA on endothelial adhesion molecule expression in patients with the metabolic syndrome, a major risk of atherosclerotic diseases.
Using a new en face immunohistochemistry of endothelial surface in combination with confocal microscopy, we demonstrate for the first time that EPA markedly inhibits LPSinduced monocyte adhesion to the mouse aortic endothelium in parallel with the suppression of endothelial adhesion molecules and nuclear translocation of NF-B p65 in vivo. The inhibitory effect is also confirmed under physiological flow conditions in vitro. We also show that highly purified EPA significantly reduces soluble ICAM-1 (sICAM-1) and soluble VCAM-1 (sVCAM-1) in patients with the metabolic syndrome. This study provides in vivo and in vitro evidence that EPA inhibits monocyte adhesion to endothelial cells in parallel with the suppression of endothelial adhesion molecules.
Materials and Methods

Materials
Preparation and characterization of EPA used in vivo and in vitro were reported elsewhere. 6 All other reagents were purchased from Sigma and Nacalai Tesque unless otherwise noted.
Animals
All animal experiments were conducted in accordance to the guidelines of Tokyo Medical and Dental University Committee on Animal Research (No. 0060026). Details are described in supplemental Methods (available online at http://atvb.ahajournals.org.).
New En Face Method for Optimal Observation of Endothelial Surface
Details are described in supplemental Methods.
En Face Analysis of Adhesion Molecule and NF-B Activation on Aortic Endothelial Surface
After fixation, the aorta was dissected carefully from the aortic arch to lower thoracic region and was immersed in 10% buffered formalin for 1 hour at 4°C. The thoracic aorta was removed of fat and cut open longitudinally along the ventral side with scissors and rinsed 3 times with phosphate-buffered saline (PBS) containing 0.05% Tween 20 (PBS-T). The samples were incubated overnight at 4°C with PBS-T containing antimouse VCAM-1 and NF-B p65 (p65) polyclonal antibodies (Santa Cruz Biotechnology Inc; 1:100) after 30 minutes blocking with PBS-T containing 10% donkey serum, and then rinsed 3 times with PBS-T. It was followed by incubation with PBS-T containing the secondary donkey antibody labeled with Alexa Fluor 488 and 594 fluorophore molecules (Molecular Probes Inc; 1:600) for 1 hour at room temperature. The samples were rinsed 3 times with PBS-T, placed on a slide glass with the intimal side up, and covered with VECTORSHIELD Mounting Medium with DAPI (Vector Laboratories Inc). Each sample was viewed immediately with a FV1000 confocal system (Olympus). Three to 6 pictures of each field were captured at various focal lengths and counted as positive cells per 1000 endothelial cells.
Details regarding cell culture, monocyte adhesion assay, fluorescent immunobinding assay, western blot analysis, human study, statistical analysis are described in supplemental Methods.
Results
Effect of EPA on LPS-Induced Monocyte Adhesion to Aortic Endothelium and Endothelial Expression of Adhesion Molecules In Vivo
Monocyte accumulation and atherosclerotic lesion formation are known to occur reproducibly at specific sites in the arterial tree, such as arterial branches. 19 Using a newly developed new enface method for optimal observation of endothelial surface (NEMOes), we examined the effect of EPA on LPS-induced monocyte adhesion to the endothelial surface surrounding the orifice of intercostal arteries of thoracic aorta in C57BL/6J mice. The number of monocytes adhering to the aortic endothelium was significantly increased in LPS-treated mice relative to vehicle-treated mice (PϽ0.01; Figure 1 and supplemental Figure I ), which was significantly inhibited in EPA-treated group relative to control group 6 hour after LPS treatment (PϽ0.01; Figure 1 ). The inhibitory effect tended to be observed up to 24 hours after LPS treatment (supplemental Figure I) . In this study, serum EPA concentrations in EPA-treated and control groups were consistent with previous reports (supplemental Figure  IIA) . 20, 21 Serum TG concentrations tended to be decreased by EPA treatment, although not statistically significant (supplemental Figure IIB and IIC).
Confocal microscopic analysis of the aortic endothelium revealed that endothelial surface expression of VCAM-1 is significantly increased in LPS-treated mice relative to vehicle-treated mice (PϽ0.01; Figure 2 ), which is significantly inhibited by EPA treatment (PϽ0.01; Figure 2 ).
Effect of EPA on LPS-Induced Monocyte Adhesion to Endothelial Cells and Endothelial Expression of Adhesion Molecules In Vitro
Using an in vitro adhesion assay system under physiological flow conditions, we examined the effect of EPA on monocyte-endothelial interaction; monocyte rolling and adhesion on the HUVEC monolayers ( Figure 3A and supplemental Figure III ). The monocyte rolling and adhesion were significantly increased in LPS-treated HUVECs relative to vehicle-treated HUVECs (PϽ0.01; Figure 3A ), which were significantly inhibited in HUVECs treated with EPA (PϽ0.01; Figure 3A ). Palmitate, a major saturated fatty acid which can activate the NF-B pathway via TLR4, 4 was also used to induce monocyte-endothelial interaction. Interestingly, monocyte adhesion was significantly increased in palmitate-treated HUVECs relative to vehicle-treated HUVECs 4 hours after palmitate treatment (PϽ0.01; supplemental Figure IV) , which was significantly inhibited by EPA treatment (PϽ0.01; supplemental Figure IV) . The tendency was observed up to 24 hours after palmitate treatment (supplemental Figure IV) . We also found that the monocyte rolling and adhesion are significantly increased in tumor necrosis factor (TNF)␣-treated HUVECs relative to vehicletreated HUVECs (PϽ0.01; supplemental Figure VA) , which is significantly inhibited in HUVECs treated with EPA (PϽ0.01; supplemental Figure VA) .
Fluorescent immunobinding assay revealed that expression of ICAM-1 and VCAM-1 is significantly increased in LPStreated HUVECs relative to vehicle-treated HUVECs (PϽ0.01; Figure 3B ), which is significantly inhibited in HUVECs treated with EPA (PϽ0.01; Figure 3B ). In this study, there was no appreciable difference in E-selectin expression between LPS-and vehicle-treated groups 24 hours after LPS treatment. We also found that expression of ICAM-1 and VCAM-1 is significantly increased in TNF␣-treated HUVECs relative to vehicle-treated HUVECs 
Effect of EPA on LPS-Induced Intracellular Signal Transduction In Vitro and In Vivo
Western blot analysis showed that the amount of Inhibitor of B␣ (IB-␣) protein is reduced in total cell lysates in parallel with the increase in phospho-p65 (p-p65) and p65 in nuclear extracts from LPS-treated HUVECs relative to vehicletreated HUVECs ( Figure 4A and 4B) . The LPS-induced decrease in IB-␣ and increase in nuclear p-p65 and p65 was reversed in HUVECs treated with EPA ( Figure 4A and 4B). We also found that phospho-p38 mitogen-activated protein kinase (p-p38) is increased in total cell lysates from LPStreated HUVECs relative to vehicle-treated HUVECs, which is inhibited by EPA treatment ( Figure 4C ).
We also examined whether EPA reduces LPS-induced increase in nuclear translocation of p65 in vivo. Confocal microscopic analysis revealed that nuclear translocation of p65 in endothelial cells is significantly increased in parallel with the increase in VCAM-1 expression in LPS-treated group relative to vehicle-treated group (PϽ0.05; Figure 5A and 5B). The LPS-induced increase in nuclear translocation of p65 was significantly inhibited in parallel with VCAM-1 expression in EPA-treated group relative to vehicle-treated group (PϽ0.01; Figure 5A and 5B). 
Effect of EPA on Soluble Adhesion Molecules in Humans
To obtain insight into the effect of EPA on monocyte adhesion to endothelial cells in humans, we examined whether highly purified EPA decreases plasma concentrations of sICAM-1 and sVCAM-1 in patients with the metabolic syndrome. There was no significant difference in the measured variables tested between EPA and control groups before EPA administration (Table) . After a 3-month EPA administration, plasma EPA concentrations were significantly increased in EPA group relative to control group (PϽ0.01). In EPA group, plasma triglyceride (TG) concentrations were significantly decreased relative to control group (PϽ0.01), although there were no difference in body mass index (BMI), waist circumference (WC), systolic blood pressure (SBP), fasting plasma glucose (FPG), plasma concentrations of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C). Both plasma sICAM-1 and sVCAM-1 concentrations were significantly reduced after EPA administration (PϽ0.01), but unchanged in control group (Table) . To determine the factors independently influencing the changes in plasma sICAM-1 and sVCAM-1 concentrations, multivariate regression analysis was performed (supplemental Tables I and II) . Plasma sICAM-1 and sVCAM-1 concentrations were inversely correlated only with EPA treatment.
Discussion
Using NEMOes in combination with confocal microscopic analysis of en face aortic endothelium, we demonstrated for the first time that EPA markedly inhibits LPS-induced monocyte adhesion to the aortic endothelium, nuclear translocation of NF-B p65, and endothelial surface expression of VCAM-1 in mice. The new technique, originally described by Verna et al, 22 will provide a unique opportunity to study monocyte adhesion to and intracellular signal transduction in endothelial cells in vivo. There is a report by Sethi et al that oxidized EPA is able to inhibit LPS-induced monocyte rolling and adhesion in the mouse mesenteric venules in vivo. 23 However, whether EPA inhibits monocyte adhesion to the aortic endothelium under higher shear stress has never been addressed. To our knowledge, this study is the first in vivo observation that EPA inhibits monocyte adhesion to the aortic endothelial cells and reduces aortic endothelial expression of adhesion molecules. These observations are consistent with a previous report by Matsumoto et al that a long-term EPA treatment reduces atherosclerotic plaque formation during the late phase of atherosclerosis in ApoE-deficient mice. 24 Furthermore, we found that LPSinduced monocyte adhesion tends to be reduced with coadministration of EPA and statins relative to administration of statins alone in vitro and in vivo (unpublished data Yamada H, Yoshida M, Watada H, Ogawa Y, 2008). These observations support the concept that EPA is able to delay and prevent the progression of atherosclerosis at both the early and late phases of atherosclerosis beyond its lipid lowering effect. Using the in vitro adhesion assay system, we previously demonstrated that pharmacological inhibition of endothelial adhesion molecules results in the reduction of monocyte-endothelial cell adhesion. 25, 26 In this study, we found that EPA results in marked inhibition of LPS-induced increase in monocyte adhesion in parallel with the suppression of endothelial adhesion molecules and NF-B activation in HUVECs. The LPS-induced increase in nuclear translocation of NF-B p65 is also inhibited in mice treated with EPA in vivo. Although EPA may also act on circulating monocytes and thus modulate their adhesion to endothelial cells in vivo, 27 it is likely that EPA inhibition of monocyte adhesion to endothelial cells is mediated at least in part through the suppression of endothelial adhesion molecules.
The molecular mechanism by which EPA reduces expression of endothelial adhesion molecules is unclear at present. In this study, we demonstrated that EPA inhibits LPS-induced nuclear translocation of p65 in endothelial cells both in vivo and in vitro, which is consistent with our previous observation that EPA suppresses NF-B activity in macrophages treated with LPS or saturated fatty acids. 6 We also found that EPA inhibits LPS-induced increase in p-p38, which is known to mediate NF-B activation. 14 It is, therefore, conceivable that the upstream signaling of IB-␣ and p38 is important for the antiinflammatory effect of EPA. There is a report suggesting that peroxisome proliferator-activated receptor (PPAR) ␣ interacts with p65 and interferes with NF-B activation. 28 Indeed, Sethi et al reported that an i.p. injection of oxidized EPA suppresses monocyte rolling and adhesion to the venous endothelium via a PPAR␣-dependent pathway. 23 In this regard, PPAR␥ has been shown to export NF-B p65 from the nucleus via direct protein-protein interaction, thus attenuating NF-B activity. 29 Moreover, a PPAR␥ antagonist GW9662 has reversed EPA-induced inhibition of ICAM-1 mRNA expression in endothelial cells in vitro. 21 However, we found that GW9662 fails to reverse the EPA-induced inhibition of monocyte adhesion in the in vitro adhesion assay system (unpublished data Yamada H, Yoshida M, Ogawa Y, 2008). On the other hand, Arita et al demonstrated that resolvinE1, an endogenous lipid mediator derived from EPA, exerts an antiinflammatory effect through interaction with leukotriene B4 receptor BLT1 and chemerin receptor ChemR23. 30 Further studies are required to elucidate how EPA inhibits the monocyte-endothelial interaction.
Evidence has accumulated indicating that elevated levels of circulating free fatty acids, especially saturated free fatty acids derived from dietary animal fat or via the macrophageinduced adipocyte lipolysis in obese adipose tissue, may potentially contribute to the development of the inflammatory changes and dysfunction in the vascular wall. [31] [32] [33] For instance, Kim et al recently reported that a high-fat diet induces vascular insulin resistance and inflammatory responses by signaling through the TLR4/NF-B pathway and suggested that such effect is mediated at least in part by saturated free fatty acids. 34 In this study, we also found that palmitate induces monocyte adhesion to endothelial cells in the in vitro adhesion assay system, which is inhibited by EPA treatment. These observations, taken together, suggest that the TLR4/ NF-B pathway plays a role in the deleterious effect of saturated free fatty acids on monocyte-endothelial cell interaction in the vasculature. The above discussion supports the concept that antagonism of the TLR4/NF-B pathway in vascular wall offers a novel therapeutic strategy to prevent or treat obesity-related atherosclerotic diseases. Using the in vitro coculture of adipocytes and macrophages, we have demonstrated that EPA reverses the coculture-induced reduc- tion of adiponectin secretion at least in part by suppressing the saturated fatty acids/TLR4/NF-B pathway in macrophages and suggested that the beneficial effect of EPA is attributable at least partly to the improvement of obesityinduced adipose tissue inflammation. 6 It is, therefore, conceivable that EPA reduces the incidence of obesity-induced atherosclerotic diseases through the suppression of adipocytemacrophage interaction in the adipose tissue and monocyteendothelial interaction in the vascular tissue.
Soluble forms of endothelial adhesion molecules have been clinically used as surrogate markers to reflect endothelial surface expression of adhesion molecules. There are previous reports showing that treatment with n-3 PUFAs reduces significantly sICAM-1 in patients with dyslipidemia. 35, 36 However, whether n-3 PUFAs have an inhibitory effect on endothelial expression of adhesion molecules in the metabolic syndrome has not been addressed so far. In this study, we demonstrated for the first time that highly purified EPA decreases both plasma sICAM-1 and sVCAM-1 concentrations in patients who met the criteria of the metabolic syndrome or a higher risk group of atherosclerosis. Indeed, we also confirmed that cardio-ankle vascular index, a new index of arterial stiffness independent of blood pressure, 37 and other biomarkers such as adiponectin and high-sensitivity C-reactive protein are significantly improved relative to control group as short as 3-month EPA administration (unpublished data Satoh N, Ogawa Y, 2008). These observations, taken together, suggest that the inhibitory effect of EPA on monocyte-endothelial interaction may also contribute to the marked antiatherogenic effect of EPA in patients at higher risk of atherosclerosis. In this study, multivariate regression analysis revealed that EPA reduces both sICAM-1 and sVCAM-1 independently of other metabolic parameters. These observations support the concept that EPA acts directly on endothelial cells to reduce levels of endothelial adhesion molecules and prevents the progression of atherosclerosis and major coronary events. However, this study does not exclude the possibility that the EPA-induced reduction in TG influences the reduction in soluble adhesion molecules.
In conclusion, this study provides in vivo and in vitro evidence that EPA inhibits monocyte adhesion to endothelial cells in parallel with the suppression of endothelial adhesion molecules, thereby highlighting the pleiotropic effect of EPA. Given the potentially important role of monocyte adhesion in the pathogenesis of atherosclerosis, the data of this study could be relevant to the protective effects of EPA in patients at risk for cardiovascular disease.
